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The poor temperature characteristics of 1.3-m, InPbased semiconductor lasers have led to enormous efforts in exploring InGaAsN quantum-well ͑QW͒ lasers, 1-8 as an alternative to realize high-performance QW lasers for hightemperature operation. Early high threshold-current-density (J th ) 1300-nm InGaAsN single-quantum-well ͑SQW͒ lasers exhibit anomalously high T 0 (1/T 0 ϭ(1/J th )dJ th /dT) values, due to the large monomolecular recombination. 9, 10 Unfortunately, the T 0 values of the high-performance 1300-nm InGaAsN SQW lasers are only 70-110 K, [1] [2] [3] [4] [5] 8 which is low compared to those of the 1200-nm InGaAs SQW lasers (T 0 ϭ200 K).
1 The underlying cause for the relatively low T 0 values for InGaAsN lasers has not been conclusively determined. Recent analysis without taking account of carrier leakage processes, has attributed the low T 0 values to the existence of Auger recombination in the InGaAsN QW. 10 In our earlier work, 9 the reduced T 0 and T 1 (1/T 1 ϭ
ciency͒ values of the 1300-nm InGaAsN QW lasers, compared to 1190-nm InGaAs QW lasers, has been linked to an increase in the carrier/current leakage processes. Despite the deeper QW structure in the InGaAsN QW lasers, the experimentally measured current injection efficiency ( inj ) of 1300-nm InGaAsN QW reduces more rapidly with temperature compared to that of the 1200-nm InGaAs QW lasers. 9 As N is added into the QW to push the emission wavelength longer, experiments have indicated the inj of InGaAsN QW lasers decreases as a function of increasing N content. 1, 8 The reduction in inj can result from active-layer carrier leakage.
Here, we identify a carrier-leakage process in InGaAsN QW lasers 9 as heavy-hole ͑hh͒ leakage due to poor active-layer hole confinement.
The thermionic carrier lifetime ( e ) in QW lasers is an important factor in determining the inj of a laser. 11, 12 A large thermionic lifetime of the carriers in the QW indicates a minimal escape rate of the carriers from the QW to the separate confinement heterostructure ͑SCH͒. 11, 12 Minimal thermionic carrier escape rate out of the QW will lead to an increase in inj and a reduction in the temperature sensitivity of inj . 11, 12 The conventional method to express the thermionic lifetime is based on the model by Schneider et al., 13 which utilizes the bulk ͓three-dimensional ͑3-D͔͒ density of states ͑DOS͒ and a simple parabolic band model. However, this model 13 has been shown to be insufficient to explain experiments, 14 and has a tendency to significantly overestimate the hole lifetime and to underestimate the electron lifetime.
14 The thermionic lifetime model that we employ in this study is based on the model proposed by Irikawa et al., 14 that has been applied to the study of 1500-nm InGa͑Al͒As/ InP QW lasers.
The thermionic current leakage, from the edge of the QW to one side of the SCH, J ee -i , is related to the thermionic emission carrier lifetime to one side of the SCH ee -i , as follows: J ee -i ϭNqL z N QW / ee -i , in which i, N, q, L z , and N QW , represent the type of carriers ͑electrons or holes͒, the number of QWs, the electron charge, the QW thickness, and the carrier density in QW, respectively. It is important to note that the thermionic leakage current here is not the same as the total current leakage in QW laser devices, as the leaked carriers into the SCH region have the probability of being recaptured back and recombine in the QW. 11, 12, 14 The relationships of the total threshold current density and the current injection efficiency with the thermionic carrier lifetime are more complex, and are interrelated by the total recombination lifetime in the QW and barrier regions and carrier capture time into the QW. 11, 12, 14 The leakage current J ee -i has been described in Refs. 13 and 14 with the standard thermionic emission theory, as follows:
where m i * , E bi , and F i are the effective masses of the electrons or holes in the QW, the effective barriers and the quasiFermi levels for the electrons or holes in QW, respectively. The constants k B and h represent the Boltzmann and Planck constants, respectively. The carrier density in the QW is calculated by taking into consideration the two-dimensional ͑2-D͒ DOS of the strained QW, strain effects in band gap of the QW, and the Fermi-Dirac statistics. 15 The thermionic escape lifetime ( ee -i ) can be extracted by relating the thermionic leakage current (J ee -i ) and the carrier density in the QW (N QW ), with consideration of the structure. The total current leakage from the SQW to both sides of the SCH, a͒ Email: tansu@cae.wisc.edu APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 10 10 MARCH 2003 contributed by carrier i ͑electrons or holes͒, is J e -i ϭJ ee -i -right ϩJ ee -i -left . The total thermionic escape lifetime of carrier i ( e -i ) can be expressed as 1/ e -i ϭ1/ ee -i -right ϩ1/ ee -i -left . For the case of symmetrical barriers (J ee -i -right ϭJ ee -i -left ), the expression 1/ e -i ϭ2/ ee -i will be obtained.
In this study, the ee -i values are analyzed for the case of the 1190-nm emitting InGaAs QW and 1300-nm emitting InGaAsN QW lasers. These 1190-1300-nm InGaAs͑N͒ QW lasers, shown schematically in Fig. 1 , are similar to lasers that have been published previously, 1,2 in which a very high In-content ͑ϳ40%͒ and minimum N-content ͑ϳ0.5%͒ InGaAs͑N͒ QW are utilized to achieve high-performance ϭ1190-1300-nm emitting lasers with GaAs as the direct barrier to the QW. Large-band-gap Al 0.74 Ga 0.26 As layers are utilized as the n-and p-cladding layers, to ensure minimal carrier leakage from SCH region to cladding layers. The existence of the small N content ͑ϳ0.5%-2%͒ in the InGaAsN QW affects mainly the conduction band, which allows for the approximation of many of the material parameters of the In x Ga 1Ϫx As 1Ϫy N y QW with those of the In x Ga 1Ϫx As QW. 16 The compilation of the parameters used here follows the treatment in Refs. 16 and 17 for the effective masses of the electrons, band-gap energy, and conduction (⌬E c )-and valence (⌬E v )-band offsets.
We determine the approximate band-offset values by fitting the theory with the measured values from the experiments. The conduction-band-offset ratio (Q c ϭ⌬E c /⌬E g ) for highly strained (InϾ20%) InGaAs-GaAs materials has been predicted to be in the range of 60% to 65%. 15,18 -20 For the case of the InGaAsN QW, experimental studies, 7, 17 show that Q c is as high as 77%-80% for the case of By utilizing the parameters listed in Refs. 14 -20 and in Fig. 1 , the ee_i can be calculated for electrons and holes for both InGaAs and InGaAsN QWs, as shown in Fig. 2 . For the case of an InGaAs QW, the ee ͑ϳ50-160 ps͒ of electrons is comparable to that ͑ϳ55-60 ps͒ of heavy holes, for typical threshold carrier density of interest (N QW ϳ1.5-4 ϫ10 18 cm Ϫ3 ). In the case of an InGaAsN QW, the ee of the heavy hole is significantly smaller than ee of the electron. The electrons are very well confined in InGaAsN QW, as indicated by the large ee ͑ϳ40-100 ns͒ of the electron for typical threshold conditions. This large ee of electrons in InGaAsN QW is expected, owing to its large conductionband offset (⌬E c ϳ450 meV). On the other hand, the heavy hole is very poorly confined due to the large disparity of the ⌬E c and ⌬E v . The small valence-band offset (⌬E c ϳ99 meV) in InGaAsN QW results in picosecond-range ee of approximately 5-6 ps, for typical threshold conditions. Due to the significantly smaller ee of the hole in InGaAsN QW, the hh leakage is the dominant leakage mechanism for the InGaAsN QW. Severe thermionic carrier leakage leads to a reduction in the inj at threshold, 11,12 distinct from the above-threshold inj , 23 and will in turn lead to an increase in the J th of the QW laser.
The ee -i for the InGaAs and InGaAsN QWs are shown in Figs. 3͑a͒ and 3͑b͒ . At elevated temperature (T ϭ360 K), ee of the heavy hole reduces to only 3 ps. In the case of the InGaAs QW, the lowest ee is approximately 21 ps at an elevated temperature of 360 K. The severe hh leakage at elevated temperature for InGaAsN QW lasers, serves as one of the contributing factors that leads to the highly temperature-sensitive (T 0 ϳ70-90 K) threshold current of high-performance, 1300-nm InGaAsN QW lasers. Though the hole-leakage processes play a vital role in InGaAsN QW lasers at high temperature, Auger recombination and other processes cannot be ruled out as contributing factors. To achieve suppression of hole leakage from the InGaAsN SQW, larger-band-gap materials of tensile GaAsP or InGaAsP can also be utilized as the direct barrier or SCH regions. As shown in Fig. 4 , the ee of holes in an InGaAsN QW are calculated for structures with various barrier regions. By utilizing the 1.77-eV InGaAsP lattice-matched barriers, with the assumption of a band-offset ratio (⌬E c :⌬E v ) of 82:18, the thermionic escape rate (1/ ee -h ) of the heavy-hole in InGaAsN QW is reduced significantly by approximately 10-12 times, in comparison with that of the InGaAsN-GaAs case. In fact, the ee -h ͑ϳ25 ps, N QW ϳ3ϫ10 18 cm Ϫ3 , T ϭ360 K) of the heavy-hole for an InGaAsN QW with 1.77-eV barriers at elevated temperature, is comparable with the lowest ee of carriers in an InGaAs QW for typical threshold conditions at the same temperature. The utilization of an InGaAsN multiple QW with GaAs barriers, is also expected to improve the high-temperature laser performance. The utilization of multiple QW lasers will result in a lower thermionic hole escape rate (1/ ee -h ), as the 1/ ee is inversely proportional to the number of QWs ͑N͒. The hole-leakage process is identified as the main mechanism in the leakage process in 63-Å In 0.43 Ga 0.57 As 0.9938 N 0.0062 SQW lasers with GaAs barriers. Reduction in the hole leakage, by utilizing large-band-gap barriers in a SQW, should allow the realization of highlasing-performance and high-temperature-operation 1300-nm InGaAsN SQW lasers. Due to the complexity in determining the parameters for InGaAsN materials, it is not the intent of this letter to provide the most accurate values of the thermionic carrier escape time from InGaAsN QW. Rather it is to point out the significance of the thermionic carrier escape processes in 1300-nm InGaAsN QW lasers, which have been neglected in previous analysis under the assumption of strong electron confinement. 
